Abstract: This paper presents a micro-coordinate measuring machine (micro-CMM) for large-scale dimensional measurement of a micro-slit on a precision die coater by using a shear-mode micro-probe. A glass micro sphere with a nominal diameter of 52.3 µm was attached on one end of a tapered glass capillary tube as a probe tip ball. The micro-slit width of a slot die coater with a nominal slit width of 85 µm was measured by the micro-CMM. The probe tip was placed in the slit for the measurement. The effective working length of the probe was confirmed experimentally to be at least 1 mm. In order to measure the gap width uniformity over the entire slot die length of 200 mm, an air-bearing linear slide with a travelling stroke of 300 mm was employed in the micro-CMM to position the probe along the length direction of the slot die. The angular alignment error and the motion error of the air-bearing linear slide as well as those of the stages for positioning the probe along the direction perpendicular to the length direction of the slot die were investigated for evaluation of the expanded uncertainty of gap width measurement.
Introduction
Precisely machined micro-features have been utilized widely with the development of micro-fabrication technologies such as micro-cutting [1, 2] , micro-electrical discharge machining (EDM) [3, 4] , micro-and nano-lithography [5, 6] , nanoimprint [7] and micro-molding [8] . In particular, more precision micro-features with high aspect ratios represented by deep micro-holes and micro-slits are utilized for precision tools and measuring instruments that require sub-micrometric or nanometric dimensional accuracies. The requirements for dimensional measurements of precision micro-features with high aspect ratios are thus increasing. The micro-slit of a slot die coater is a good example of such precision micro-features. The slot die is a precision tool for coating of functional liquid materials on the surface of a substrate such as a glass plate or a film. On the top of the slot die coater is a micro-slit from which the liquid material is extruded. The micro-slit has a high aspect ratio with a gap width in the order of 100 µm and a depth of more than 10 mm. Since the gap width of the micro-slit as well as its uniformity along the length direction of the slot die coater is a key parameter for determining the coating quality, it is necessary to measure the micro-slit gap width and its uniformity accurately.
layers [26] . It has been demonstrated that the shear-mode detection probe can achieve nanometric resolution and probing repeatability.
The motivation of this research is to apply the shear-mode micro-probe for measurement of the gap width of the micro-slit on a precision slot die coater. The precision slot die is composed of two precision flat plates [27] made of stainless steel with a length of 200 mm. The two precision flat plates are separated with a gap with a nominal gap width of 85 µm to form the micro-slit on the coater edge. It is required to make gap width measurement of the micro-slit with the expanded uncertainty of less than 100 nm [28] . Traditionally, mechanical feeler gauges have been used for the measurement of micro-slit gap width. However, the mechanical feeler gauge often induces damages on the edge areas of the micro-slit due to the large contact force. Although a CCD camera based optical system [28] has been proposed for non-contact measurement of the micro-slit gap width, it is difficult for the optical system to achieve sub-micrometer resolutions because of the diffraction limit of the optical system. As for the detection of single edge position, it can be achieved by using the optical system. However, with regard to the precision measurement of the slit gap width, it is necessary to detect the positions of two edges quantitatively. Therefore, the resolution in lateral direction is one of the important requirement for the gap width measurement. In addition, it cannot be used for measuring the gap width inside the micro-slit. Recently, a non-contact measurement system with a higher resolution by using a capacitive displacement sensor has been developed [27] . However, the measurable minimum gap width of the electric gap sensor is limited to 150 µm, due to the sensor thickness. Compared with the measurement techniques mentioned above, a micro-CMM is more effective for such a measurement in terms of the measurable minimum gap width and measurement resolution, as well as the flexibility and accessibility to the inside of the micro-slit.
This paper presents a micro-CMM specifically designed for the slit width measurement of the precision die coater. In addition to the newly developed shear-mode micro-probe, an air-bearing linear slide with a travelling stroke of 300 mm was employed in the micro-CMM so that there is a uniformity of the gap width over the entire length of the micro-slit of 200 mm. This is a significant difference from an existing micro-CMM that can only cover a measurement length from several millimetres to several centimetres. The calibration of the conventional micro-CMMs is carried out by using the calibration artifact with a length of 20 mm at the maximum [29] . Therefore, a longer travelling range of the probe positioning system is essential for the gap width measurement of the slot die. The effective working length of the shear-mode micro-probe is designed to be 1 mm, which is longer than that of the existing micro-probes [25, 30] , so that the inside of the micro-slit can be accessed by the probe tip while avoiding the influence of the chamfered edges of the precision parts forming the micro-slit. In order to shorten the measurement time, a measurement strategy of gap width measurement based on two probing points is also introduced. Next, a description of the experimental setup for the micro-CMM, experiments and uncertainty analysis of the measurement results are presented. Figure 1a shows the photographs of the shear-mode micro-probe. The micro-stylus is composed of a glass micro-stylus shaft and a glass micro-sphere. The stylus shaft is made of a capillary glass tube which is thermally pulled by using a commercially available glass pipette puller. A micro-glass sphere with a nominal diameter of 52.6˘3.2 µm (Certified size standard Cat No. 9050, Duke Scientific Corporation, California, CA, USA) [31] is attached on one end of the glass micro-stylus by thermosetting resin. The diameter of the commercially available glass micro-sphere was selected based on the nominal gap width of the precision slot die. Figure 1b shows the schematic of a shear-mode micro-probe. The micro-stylus is then attached on a tuning fork quartz crystal resonator (TF-QCR). A PZT transducer is employed to vibrate the assembly, which is composed of the TF-QCR, the micro-stylus, and the micro-sphere at the resonance frequency of the TF-QCR. The variation of the vibration frequency is detected by the TF-QCR based on the piezoelectric effect of the quartz crystal. The vibration of the TF-QCR is detected and amplified by current-to-voltage (I-V) converter. The output of the I-V converter is then utilized to keep the vibration frequency constant by using a self-excitation circuit that consists of a phase locked loop circuit (PLL). It should be noted that the actual resonance frequency of the TF-QCR used in the assembly is confirmed to be approximately 30 kHz, which is smaller than that of the single TF-QCR element of 32.768 kHz, due to the influence of the masses of the micro-stylus and the micro-sphere attached on the TF-QCR. The vibration direction is set in parallel with the measuring surface.
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Appl. Sci. 2016, 6, 156 4 of 21 excitation circuit that consists of a phase locked loop circuit (PLL). It should be noted that the actual resonance frequency of the TF-QCR used in the assembly is confirmed to be approximately 30 kHz, which is smaller than that of the single TF-QCR element of 32.768 kHz, due to the influence of the masses of the micro-stylus and the micro-sphere attached on the TF-QCR. The vibration direction is set in parallel with the measuring surface. To determine the trigger point for the probing of the micro-probe to the measured surface, the interaction force of the water layer on the measured surface against the probe is detected through detecting the change of the probe vibration with the TC-QCR [26] . When the tip ball of the vibrating probe contacts with the water layer of the measured surface, the frequency of the probe vibration is shifted due to the adhesion force of the water layer. The output of the TF-QCR is input to a phase locked loop (PLL) circuit for detection of the amount of frequency shift. The PLL circuit output is then employed as the trigger signal for the probing of the micro-probe to the measured surface. The PLL output signal is fed into analog-to-digital (A/D) converter of a personal computer (PC). A certain frequency shift amount is set to be a threshold of the trigger signal. Figure 2 shows a schematic diagram of the micro-CMM by using the shear-mode micro-probe. The probe is mounted on the PZT-driven linear stages (P-621.2CL and P-621.1ZCL, PI), which can be moved in the X-and Z-directions independently, for fine positioning of the probe. The stroke and resolution of the PZT stages are 100 μm and 1 nm, respectively. The positioning accuracy in the Xand Z-directions are ±2 nm and ±1 nm, respectively. Since the gap width of the slot die is calculated based on the X-directional probe displacement, a commercial laser interferometer (RLE10, RENISHAW) with a resolution of 0.39 nm is employed for the measurement of the X-directional probe displacement. A plane mirror is mounted on the opposite side of the probe on the X-direction PZT stage as a moving mirror for the laser interferometer. In order to reduce the influence of the Abbe error, the optical axis of the laser interferometer is aligned with the center of the probe tip. The PZT stages are mounted on the DC servo motor driven positioning stages (M-111.1DG, PI) for coarse To determine the trigger point for the probing of the micro-probe to the measured surface, the interaction force of the water layer on the measured surface against the probe is detected through detecting the change of the probe vibration with the TC-QCR [26] . When the tip ball of the vibrating probe contacts with the water layer of the measured surface, the frequency of the probe vibration is shifted due to the adhesion force of the water layer. The output of the TF-QCR is input to a phase locked loop (PLL) circuit for detection of the amount of frequency shift. The PLL circuit output is then employed as the trigger signal for the probing of the micro-probe to the measured surface. The PLL output signal is fed into analog-to-digital (A/D) converter of a personal computer (PC). A certain frequency shift amount is set to be a threshold of the trigger signal. Figure 2 shows a schematic diagram of the micro-CMM by using the shear-mode micro-probe. The probe is mounted on the PZT-driven linear stages (P-621.2CL and P-621.1ZCL, PI), which can be moved in the X-and Z-directions independently, for fine positioning of the probe. The stroke and resolution of the PZT stages are 100 µm and 1 nm, respectively. The positioning accuracy in the X-and Z-directions are˘2 nm and˘1 nm, respectively. Since the gap width of the slot die is calculated based on the X-directional probe displacement, a commercial laser interferometer (RLE10, RENISHAW) with a resolution of 0.39 nm is employed for the measurement of the X-directional probe displacement. A plane mirror is mounted on the opposite side of the probe on the X-direction PZT stage as a moving mirror for the laser interferometer. In order to reduce the influence of the Abbe error, the optical axis of the laser interferometer is aligned with the center of the probe tip. The PZT stages are mounted on the DC servo motor driven positioning stages (M-111.1DG, PI) for coarse positioning of the probe in the Xand Z-directions. The stroke and resolution of the servo motor coarse stages are 25 mm and 6.9 nm, When a typical CMM is employed for measuring the gap distance between two parallel surfaces, at least three points on one surface are probed first to define the surface. A point on the other surface is then probed for obtaining the coordinates of the point. The gap distance between the two surfaces can thus be accurately obtained from the coordinates of the point on the second surface with respect to the defined first surface even if the normal of the surfaces are not parallel/vertical to the coordinate axes of the CMM. However, it is necessary to conduct the probing at least three points on the first surface, which is a time-consuming process. In order to shorten the measurement time, the gap width of the precision slot die is measured in the micro-CMM, as shown in Figure 3 , by probing only one point on each of the surfaces forming the micro-slit under the condition that the axes of the Xdirectional positioning stages are carefully aligned to be parallel to the normal of the slit surfaces and perpendicular to the Y-axis of the linear slide. Consequently, the gap width of the slot die ws can be calculated by the following equation. When a typical CMM is employed for measuring the gap distance between two parallel surfaces, at least three points on one surface are probed first to define the surface. A point on the other surface is then probed for obtaining the coordinates of the point. The gap distance between the two surfaces can thus be accurately obtained from the coordinates of the point on the second surface with respect to the defined first surface even if the normal of the surfaces are not parallel/vertical to the coordinate axes of the CMM. However, it is necessary to conduct the probing at least three points on the first surface, which is a time-consuming process. In order to shorten the measurement time, the gap width of the precision slot die is measured in the micro-CMM, as shown in Figure 3 , by probing only one point on each of the surfaces forming the micro-slit under the condition that the axes of the X-directional positioning stages are carefully aligned to be parallel to the normal of the slit surfaces and perpendicular to the Y-axis of the linear slide. When a typical CMM is employed for measuring the gap distance between two parallel surfaces, at least three points on one surface are probed first to define the surface. A point on the other surface is then probed for obtaining the coordinates of the point. The gap distance between the two surfaces can thus be accurately obtained from the coordinates of the point on the second surface with respect to the defined first surface even if the normal of the surfaces are not parallel/vertical to the coordinate axes of the CMM. However, it is necessary to conduct the probing at least three points on the first surface, which is a time-consuming process. In order to shorten the measurement time, the gap width of the precision slot die is measured in the micro-CMM, as shown in Figure 3 , by probing only one point on each of the surfaces forming the micro-slit under the condition that the axes of the Xdirectional positioning stages are carefully aligned to be parallel to the normal of the slit surfaces and perpendicular to the Y-axis of the linear slide. Consequently, the gap width of the slot die ws can be calculated by the following equation. Consequently, the gap width of the slot die w s can be calculated by the following equation.
where L 34 is the distance between the trigger positions P 3 and P 4 along the X-direction. D e is the effective diameter of the probe tip ball. s ts is the thickness of the water layer on the slot die at the trigger point. The effective diameter D e is influenced by the water layer on the measured surface, the stiffness of the stylus shaft, and so on. The probing can be carried out by the shear-mode micro-probe through detection of the interaction between the water layer on the measured surface and that on the surface of the probe tip ball. Similar to the authors' previous research [32] , on-line qualification of the effective diameter D e is carried out soon before the gap width measurement to reduce the combined standard uncertainty caused by the variations in the water layer thickness of the water layer, which is dependent on measurement conditions such as temperature, humidity, and surface materials. Firstly, the effective diameter of the probe tip is estimated by using a calibrated artifact. A grade K gauge block (Mitsutoyo) with a thickness of 100 µm and a tolerance of˘10 nm is used as the calibrated artifact. The tolerance of the gauge block was determined based on the calibration certification. Both the slot die and the gauge block are made of stainless steel. The effective diameter D e can be estimated by:
where w b is the thickness of the calibrated artifact, L 12 is the distance between the trigger points P 1 and P 2 along the X-direction, and s tb is the thickness of the water layer on the calibrated artifact. The stroke of the PZT stage used in the micro-CMM is 100 µm. It is not enough to move the probe across the calibrated artifact for probing the two sides of the artifact. The X-servo motor stage is therefore used to move the probe to the opposite side of the artifact for the probing at P 2 after the probing at P 1 . In order to prevent the motion error induced by the Z-servo motor stage, it is desired to move the probe in the X-direction without lifting the probe up in the Z-direction. For this purpose, the artifact is moved by the Y-slide table in the negative Y-direction until the moving path of the probe along the X-direction is not blocked by the artifact. After the probe is moved across the artifact by the X-servo motor stage, the artifact is moved back to its original position by the Y-slide table in the positive Y-direction. Finally, the probing at P 2 is carried out by using the X-directional PZT stage. As a result, Equation (1) can be rewritten as follows.
Since s tb is almost the same as s ts , the influence of the water layer thickness can be cancelled. Figure 4 shows the vibration frequency shifts when probing the slot die and the gauge block, respectively. The vertical axis in Figure 4 indicates the frequency shift ∆f and the horizontal axis indicates the probe displacement in the X-direction. When the frequency shift is extended to the trigger threshold, the probe position in the X-direction is measured by the laser interferometer to determine the trigger point of the probing. The probe tip is then retracted back from the measured surface immediately. As shown in Figure 4 , if the frequency shift ∆f of 0.1 Hz is set to be the trigger threshold for the probing, the difference of the probe displacements for the two results in Figure 4 is less than 2 nm. Consequently, the gap width of the slot die can be measured accurately by the on-line qualification of the effective diameter of the tip ball. where L34 is the distance between the trigger positions P3 and P4 along the X-direction. De is the effective diameter of the probe tip ball. sts is the thickness of the water layer on the slot die at the trigger point. The effective diameter De is influenced by the water layer on the measured surface, the stiffness of the stylus shaft, and so on. The probing can be carried out by the shear-mode micro-probe through detection of the interaction between the water layer on the measured surface and that on the surface of the probe tip ball. Similar to the authorsʹ previous research [32] , on-line qualification of the effective diameter De is carried out soon before the gap width measurement to reduce the combined standard uncertainty caused by the variations in the water layer thickness of the water layer, which is dependent on measurement conditions such as temperature, humidity, and surface materials. Firstly, the effective diameter of the probe tip is estimated by using a calibrated artifact. A grade K gauge block (Mitsutoyo) with a thickness of 100 μm and a tolerance of ±10 nm is used as the calibrated artifact. The tolerance of the gauge block was determined based on the calibration certification. Both the slot die and the gauge block are made of stainless steel. The effective diameter De can be estimated by:
where wb is the thickness of the calibrated artifact, L12 is the distance between the trigger points P1 and P2 along the X-direction, and stb is the thickness of the water layer on the calibrated artifact. The stroke of the PZT stage used in the micro-CMM is 100 μm. It is not enough to move the probe across the calibrated artifact for probing the two sides of the artifact. The X-servo motor stage is therefore used to move the probe to the opposite side of the artifact for the probing at P2 after the probing at P1. In order to prevent the motion error induced by the Z-servo motor stage, it is desired to move the probe in the X-direction without lifting the probe up in the Z-direction. For this purpose, the artifact is moved by the Y-slide table in the negative Y-direction until the moving path of the probe along the X-direction is not blocked by the artifact. After the probe is moved across the artifact by the X-servo motor stage, the artifact is moved back to its original position by the Y-slide table in the positive Y-direction. Finally, the probing at P2 is carried out by using the X-directional PZT stage. As a result, Equation (1) 
Since stb is almost the same as sts, the influence of the water layer thickness can be cancelled. Figure 4 shows the vibration frequency shifts when probing the slot die and the gauge block, respectively. The vertical axis in Figure 4 indicates the frequency shift ∆f and the horizontal axis indicates the probe displacement in the X-direction. When the frequency shift is extended to the trigger threshold, the probe position in the X-direction is measured by the laser interferometer to determine the trigger point of the probing. The probe tip is then retracted back from the measured surface immediately. As shown in Figure 4 , if the frequency shift ∆f of 0.1 Hz is set to be the trigger threshold for the probing, the difference of the probe displacements for the two results in Figure 4 is less than 2 nm. Consequently, the gap width of the slot die can be measured accurately by the on-line qualification of the effective diameter of the tip ball. After the on-line qualification procedure, the probe tip is positioned inside of the micro-slit of the slot die for the gap width measurement based on Equation (1). The gap width uniformity can also be obtained by measuring the gap widths at different Y-directional positions through moving the slot die with the Y-directional linear slide.
Experimental Result and Discussion

Evaluation of Alignment Errors of the Measurement System
As described above, the gap width measurement is carried out in the developed micro-CMM by probing one point on each of the surfaces of the micro-slit. The reliability of the measurement results is influenced by the angular alignment errors and motion errors of the moving stages. Figure 5 shows a schematic of the angular alignment errors of the moving stages. The moving axis of the air bearing linear slide is defined as the Y-axis. The X-axis and Z-axis are shown in Figure 5 . The length direction of the micro-slit of the slot die and the surface of the gauge block are arranged in parallel with the Y-axis. The angular alignment errors of the slot die and the calibrations around the Z-axis are indicated as θ gb and θ sd , respectively. θ gb and θ sd are calculated based on the X-directional deviation ∆d x obtained by moving the Y-directional linear slide. ∆d x is measured by using an optical fiber displacement sensor with a resolution of 0.49 nm. Therefore, θ gb and θ sd can be calculated by using the following equations.
where ∆d x_gb and ∆d x_sd are the X-directional displacements of the gauge block and the slot die due to the tilt around the Z-axis of the slot die, respectively. L gb and L sd are the Y-directional displacements caused by the linear slide, respectively. L gb and L sd are set to be 180 mm and 20 mm, respectively. After the on-line qualification procedure, the probe tip is positioned inside of the micro-slit of the slot die for the gap width measurement based on Equation (1). The gap width uniformity can also be obtained by measuring the gap widths at different Y-directional positions through moving the slot die with the Y-directional linear slide.
Experimental Result and Discussion
Evaluation of Alignment Errors of the Measurement System
As described above, the gap width measurement is carried out in the developed micro-CMM by probing one point on each of the surfaces of the micro-slit. The reliability of the measurement results is influenced by the angular alignment errors and motion errors of the moving stages. Figure 5 shows a schematic of the angular alignment errors of the moving stages. The moving axis of the air bearing linear slide is defined as the Y-axis. The X-axis and Z-axis are shown in Figure 5 . The length direction of the micro-slit of the slot die and the surface of the gauge block are arranged in parallel with the Y-axis. The angular alignment errors of the slot die and the calibrations around the Z-axis are indicated as θgb and θsd, respectively. θgb and θsd are calculated based on the X-directional deviation ∆dx obtained by moving the Y-directional linear slide. ∆dx is measured by using an optical fiber displacement sensor with a resolution of 0.49 nm. Therefore, θgb and θsd can be calculated by using the following equations.
where ∆dx_gb and ∆dx_sd are the X-directional displacements of the gauge block and the slot die due to the tilt around the Z-axis of the slot die, respectively. Lgb and Lsd are the Y-directional displacements caused by the linear slide, respectively. Lgb and Lsd are set to be 180 mm and 20 mm, respectively. (4) and (5), θy_X-PZT and θy_X-PZT can be (4) and (5), θ y_X-PZT and θ y_X-PZT can be calculated by moving the X-directional PZT stage. Similarly, for the X-direction servo motor stages, the alignment errors around the Y-axis and Z-axis are defined as θ _X-Servo and θ z_X-Servo , respectively. The Z-directional servo motor stage is used to adjust the measurement position inside the microslit along the Z-direction. The alignment errors of the Z-directional servo motor stage around the Xaxis and the Y-axis are indicated as θx_Z-Servo and θy_Z-Servo, respectively. As shown in Figure 6b , θx_Z-Servo and θy_Z-Servo can be evaluated by using the right-angle prism mirror and the optical fiber displacement sensor. Figure 7 shows a schematic of the tilt errors of the reflective mirror with respect to the optical axis of the laser interferometer. Since the gap width of the micro-slit is obtained from the outputs of the laser interferometer, the alignment error of the laser interferometer is also an uncertainty source for the gap width measurement. When the reflective mirror of the interferometer, which is mounted on the opposite side of the micro-probe, is not perpendicular to the X-axis, a cosine error will occur, as shown in Figure 7 . θy_mirror and θz_mirror are defined as the tilt errors around the Y-and Z-axes with respect to the optical axis, respectively. Figure 8 shows a schematic of the cosine error between the laser interferometer and X-directional moving axis. L is the distance measured by the laser interferometer. Lʹ is the actual displacement of the probe tip along the X-direction. Lʹ/L can be expressed by the following equation.
In order to evaluate the alignment errors of the reflective mirror with respect to the laser interferometer, the tilt errors of the reflective mirror were measured by using the optical fiber displacement probe. Figure 9 shows a schematic diagram for evaluation of the alignment errors of the reflective mirror. One plane of the right-angle prism mirror is arranged perpendicular to the Xaxis of the PZT stage. The difference of the tilting angles between the prism mirror and the reflective The Z-directional servo motor stage is used to adjust the measurement position inside the micro-slit along the Z-direction. The alignment errors of the Z-directional servo motor stage around the X-axis and the Y-axis are indicated as θ x_Z-Servo and θ y_Z-Servo , respectively. As shown in Figure 6b , θ x_Z-Servo and θ y_Z-Servo can be evaluated by using the right-angle prism mirror and the optical fiber displacement sensor. Figure 7 shows a schematic of the tilt errors of the reflective mirror with respect to the optical axis of the laser interferometer. Since the gap width of the micro-slit is obtained from the outputs of the laser interferometer, the alignment error of the laser interferometer is also an uncertainty source for the gap width measurement. When the reflective mirror of the interferometer, which is mounted on the opposite side of the micro-probe, is not perpendicular to the X-axis, a cosine error will occur, as shown in Figure 7 . θ y_mirror and θ z_mirror are defined as the tilt errors around the Y-and Z-axes with respect to the optical axis, respectively. Figure 8 shows a schematic of the cosine error between the laser interferometer and X-directional moving axis. L is the distance measured by the laser interferometer. L 1 is the actual displacement of the probe tip along the X-direction. L 1 /L can be expressed by the following equation.
In order to evaluate the alignment errors of the reflective mirror with respect to the laser interferometer, the tilt errors of the reflective mirror were measured by using the optical fiber displacement probe. Figure 9 shows a schematic diagram for evaluation of the alignment errors of the reflective mirror. One plane of the right-angle prism mirror is arranged perpendicular to the X-axis of the PZT stage. The difference of the tilting angles between the prism mirror and the reflective mirror is measured. Table 1 shows a summary of the evaluated angular alignment errors of the developed micro-CMM. 
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Reflective mirror Based on the evaluated alignment errors of the positioning stages, the geometric measurement errors are investigated. Figure 10 shows a geometrical model in the X-Y plane during the probing on the calibrated artifact. L gb is the distance between the probing points on the calibrated artifact. h is the distance between the moving axes of the X-directional PZT stage on the both sides of the gauge block. D s is the X-directional displacement of the servo motor stage. The thickness of the calibrated artifact w b can be expressed by the following equation.
L 1 can be defined as follows.
Therefore, the measurement error ∆w b of the calibrated artifact width, which is also extended in the Y-Z plane, can be calculated by the following equation. Based on the evaluated alignment errors of the positioning stages, the geometric measurement errors are investigated. Figure 10 shows a geometrical model in the X-Y plane during the probing on the calibrated artifact. Lgb is the distance between the probing points on the calibrated artifact. h is the distance between the moving axes of the X-directional PZT stage on the both sides of the gauge block. Ds is the X-directional displacement of the servo motor stage. The thickness of the calibrated artifact wb can be expressed by the following equation.
Lʹ can be defined as follows.
Therefore, the measurement error ∆wb of the calibrated artifact width, which is also extended in the Y-Z plane, can be calculated by the following equation. Since the gap width measurement is carried out by the probe displacement with the laser interferometer in the X-direction, the Abbe errors for the laser interferometer have to be considered for the evaluation of the combined standard uncertainty. When the center of the probe tip is not located on the optical axis of the laser interferometer, an Abbe error component will be caused in the measurement result of the probe displacement due to the tilt errors of the X-directional stages. Figure  12 shows the Abbe error between the probe tip and the laser interferometer. As shown in Figure 12 , a1 indicates the X-directional distance between the probe tip and the reflective mirror. a2 is the Zdirectional difference between the center of the probe tip and that of the laser spot on the reflective mirror. θAbbe is the tilt error of the X-directional stages. The Abbe errors Ly_Abbe and Lz_Abbe can be expressed as follows. Since the gap width measurement is carried out by the probe displacement with the laser interferometer in the X-direction, the Abbe errors for the laser interferometer have to be considered for the evaluation of the combined standard uncertainty. When the center of the probe tip is not located on the optical axis of the laser interferometer, an Abbe error component will be caused in the measurement result of the probe displacement due to the tilt errors of the X-directional stages. Figure 12 shows the Abbe error between the probe tip and the laser interferometer. As shown in Figure 12 , a 1 indicates the X-directional distance between the probe tip and the reflective mirror. a 2 is the Z-directional difference between the center of the probe tip and that of the laser spot on the reflective mirror. θ Abbe is the tilt error of the X-directional stages. The Abbe errors L y_Abbe and L z_Abbe can be expressed as follows. Since the gap width measurement is carried out by the probe displacement with the laser interferometer in the X-direction, the Abbe errors for the laser interferometer have to be considered for the evaluation of the combined standard uncertainty. When the center of the probe tip is not located on the optical axis of the laser interferometer, an Abbe error component will be caused in the measurement result of the probe displacement due to the tilt errors of the X-directional stages. Figure  12 shows the Abbe error between the probe tip and the laser interferometer. As shown in Figure 12 , a1 indicates the X-directional distance between the probe tip and the reflective mirror. a2 is the Zdirectional difference between the center of the probe tip and that of the laser spot on the reflective mirror. θAbbe is the tilt error of the X-directional stages. The Abbe errors Ly_Abbe and Lz_Abbe can be expressed as follows. Consequently, the combined Abbe error can be expressed in the following equation.
The measurement error for the gap width measurement caused by the tilt errors of the positioning stages is then evaluated. When the probing points on the slot die surface are changed by moving the slot die with the Y-linear slide, errors will be introduced in the measurement result of the gap width by the tilt error about the Y-axis (Rolling) θ slide_rolling and the tilt error about the X-axis (Yawing) θ slide_yawing . The gap width measurement error ∆w y_slide caused by the tilt errors of the Y-linear slide can be indicated as follows.
When the probing points are changed by moving the slot die with the Z-directional servo motor stage, errors will be introduced to the measurement result of the gap width by the tilt error θ z-servo_rolling about the Y-axis (Rolling) and the tilt error θ z-servo_pitching about the X-axis (Yawing). The gap width measurement error ∆w z-servo caused by the tilt errors of the Y-linear slide can be indicated as follows. Table 2 shows a summary of the tilt errors of the positioning stages. The tilt errors are measured by a laser autocollimator with a resolution of 1.21 µrad. The measurement uncertainties for on-line qualification and gap width measurement can then be evaluated based on Equations (4)- (15) as well as Tables 1 and 2 .
Experiments of On-Line Qualification and Gap Width Measurement
The micro-slit on the precision slot die for measurement has a nominal gap width of 85˘5 µm over a length of 200 mm. To avoid the influence of the chamfered edges of the precision flat parts forming the micro-slit, it is necessary for the probe tip to be arranged inside of the micro-slit for measurement of the gap width. In the developed micro-CMM, the probing position along the Z-direction is determined by utilizing the measurement capability of the shear-mode micro-probe in both the X-and Z-directions [26] . Figure 13 shows the detection strategy and the detection results of the chamfered edges of the two precision flat plates, respectively. It can be seen that the inner surfaces of the micro-slit can be identified from the measurement result shown in Figure 13b . The Z-directional height of the chamfered edges of the precision flat plates was estimated to be approximately 90 µm and the probing position along the Z-direction was selected to be lower than areas of the chamfered edges for the following experiments of on-line qualification and gap width measurement.
On-line qualification of the effective diameter of the probe tip ball was then conducted by using the calibrated artifact. As a set of the on-line qualification operation, the probe was moved to the side of P 2 by the X-directional servo motor stage for another 5 times of probing at P 2 after 5 times of probing at P 1 . It took approximately 50 s for the set of the operation. The same set of the operation Appl. Sci. 2016, 6, 156 13 of 20 was repeated 5 times to evaluate the repeatability of probing at the trigger points. Figure 14 shows the results of the on-line qualification. The X-directional positions of the trigger points at P 1 and P 2 , which is a contact points between the probe tip ball and the inside surface of the slot die, are shown in Figure 14a ,b, respectively. The vertical axes shown in Figure 14a ,b show the X-directional probing positions calculated by the output of the laser interferometer. The mean values of the X-directional positions of the trigger points at P 1 and P 2 over the 5 sets of on-line qualification operations were 5.625 µm and 159.344 µm, respectively. Due to the thermal drift between the laser interferometer and the reflective mirror mounted on the X-PZT stage, the mean values at P 1 and P 2 were changed almost linearly due to the influence of thermal drifts. Figure 14c shows the value of L 12 calculated by taking the difference of the corresponding results of Figure 14a ,b, in which the thermal drift error components were removed. The mean and the standard deviation of L 12 over the 5 sets of on-line qualification were 153.781 µm and 11.5 nm, respectively. Consequently, the effective diameter of the probe tip ball D e was estimated to be 53.781 µm. in Figure 14a ,b, respectively. The vertical axes shown in Figure 14a ,b show the X-directional probing positions calculated by the output of the laser interferometer. The mean values of the X-directional positions of the trigger points at P1 and P2 over the 5 sets of on-line qualification operations were 5.625 μm and 159.344 μm, respectively. Due to the thermal drift between the laser interferometer and the reflective mirror mounted on the X-PZT stage, the mean values at P1 and P2 were changed almost linearly due to the influence of thermal drifts. Figure 14c shows the value of L12 calculated by taking the difference of the corresponding results of Figure 14a ,b, in which the thermal drift error components were removed. The mean and the standard deviation of L12 over the 5 sets of on-line qualification were 153.781 μm and 11.5 nm, respectively. Consequently, the effective diameter of the probe tip ball De was estimated to be 53.781 μm. After the on-line qualification, the probing position was located to the inside of the micro-slit by moving the slot die with the Y-linear slide for the gap width measurement. At each Y-directional measurement position, after the probing at P3, the probe was moved by the X-directional PZT stage toward the opposite surface of the micro-slit for the probing at P4. This operation was repeated 5 times. The results are shown in Figure 15. Figures 15a,b show the probing positions at P3 and P4, which indicate the X-directional probe contact positions at the inner surface of the slot die. The mean values at P3 and P4 are −13.392 μm and 13.865 μm, respectively. Figure 15c shows the values of L34 calculated based on the results in Figure 15a ,b. The mean and the standard deviation of L34 were estimated to be 27.243 μm and 14.8 nm, respectively. According to Equation (3), the gap width of the slot die micro-slit was estimated to be 80.962 μm.
In order to evaluate the accuracy of the gap width measurement result, uncertainty analysis was carried out for each of the terms in Equation (3) based on GUM (ISO Guide to the Expression of Uncertainty in Measurement) [33] . Table 3 shows a summary of the uncertainty budget for the gap width measurement. uws, which was the combined standard uncertainty of L34, is calculated based on Figure 11 , Equations (11) and (14) . The repeatability of probing was one of the main uncertainty sources for uws. The total time for the gap width measurement was approximately 90 s, during which the temperature was measured to be 22.677 °C ± 0.011 °C. Consequently, uws is estimated to be 10.5 nm, which corresponds to the combined standard uncertainty for the measurement of L34. Probing position (m)
Number of probing
Distance (m) After the on-line qualification, the probing position was located to the inside of the micro-slit by moving the slot die with the Y-linear slide for the gap width measurement. At each Y-directional measurement position, after the probing at P 3 , the probe was moved by the X-directional PZT stage toward the opposite surface of the micro-slit for the probing at P 4 . This operation was repeated 5 times. The results are shown in Figure 15 . Figure 15a ,b show the probing positions at P 3 and P 4 , which indicate the X-directional probe contact positions at the inner surface of the slot die. The mean values at P 3 and P 4 are´13.392 µm and 13.865 µm, respectively. Figure 15c shows the values of L 34 calculated based on the results in Figure 15a ,b. The mean and the standard deviation of L 34 were estimated to be 27.243 µm and 14.8 nm, respectively. According to Equation (3), the gap width of the slot die micro-slit was estimated to be 80.962 µm.
In order to evaluate the accuracy of the gap width measurement result, uncertainty analysis was carried out for each of the terms in Equation (3) based on GUM (ISO Guide to the Expression of Uncertainty in Measurement) [33] . Table 3 shows a summary of the uncertainty budget for the gap width measurement. u ws , which was the combined standard uncertainty of L 34 , is calculated based on Figure 11 , Equations (11) and (14) . The repeatability of probing was one of the main uncertainty sources for u ws . The total time for the gap width measurement was approximately 90 s, during which the temperature was measured to be 22.677˝C˘0.011˝C. Consequently, u ws is estimated to be 10.5 nm, which corresponds to the combined standard uncertainty for the measurement of L 34 . uDe, which was the combined standard uncertainty of the on-line qualification of the effective diameter of the probe tip ball, was estimated based on Figure 10 , Equations (10) and (14) . As shown in Table 3 , the cosine error caused by the misalignment of the gauge block and the probing axis was a relatively large uncertainty source because the X-directional servo stage was moved during the online qualification process. The total time for the on-line qualification of the effective diameter was u De , which was the combined standard uncertainty of the on-line qualification of the effective diameter of the probe tip ball, was estimated based on Figure 10 , Equations (10) and (14) . As shown in Table 3 , the cosine error caused by the misalignment of the gauge block and the probing axis was a relatively large uncertainty source because the X-directional servo stage was moved during the on-line qualification process. The total time for the on-line qualification of the effective diameter was approximately 250 s, during which the temperature was measured to be 22.677˝C˘0.008˝C. As a result, u De was estimated to be 26.4 nm. u wb was the length tolerance of the calibrated gauge block. According to the calibration certification of the gauge block used in the micro-CMM, u wb was estimated to be 17.3 nm. u ∆s was the uncertainty source introduced by the water layer on the measured surface. It was estimated to be 1.2 nm, based on Figure 4 . Consequently, the expanded uncertainty U of the gap width measurement was estimated to be 66.6 nm (k = 2), which was smaller than the allowed maximum expanded uncertainty of 100 nm.
By changing the probing position along the Y-and Z-directions, the gap width uniformity was measured. Figure 16 shows the gap widths at measurement positions with an equal interval of 10 mm along the Y-direction. The measurement depth was set to be 50 µm. The probing was repeated 3 times at each measurement position. The dot plot in the figure shows the mean value of the repeated probing results and the error bar represents the corresponding standard deviation at each measurement position. The maximum and minimum values of the measured gap widths along the Y-direction were 78.883 µm and 81.980 µm, respectively. The total measurement time was approximately 1800 s. Since the two precision flat plates of the slot die were fastened by the screws at the center and the two ends of the slot die, the gap width tended to be smaller at the positions of the screws, which was corresponding to the measurement results in Figure 16 . The maximum and minimum standard deviations of the measured gap widths were 27 nm and 4 nm, respectively. The employment of the long stroke air-bearing linear slide made it possible for measurement of the gap width uniformity over the entire slot die length of 200 mm, which was a significant improvement on a conventional micro-CMM. The gap widths along different Y-directional lines were measured by changing the measurement depths along the Z-direction. The interval between the measurement points along the Y-direction was 10 mm and that along the Z-direction was 100 μm. The total number of probing points was 220. During the measurement, the temperature was measured to be 24.1 ± 0.1 °C. The total measurement time was approximately 200 min. As can be seen in Figure 18 The gap widths along different Y-directional lines were measured by changing the measurement depths along the Z-direction. The interval between the measurement points along the Y-direction was 10 mm and that along the Z-direction was 100 µm. The total number of probing points was 220. During the measurement, the temperature was measured to be 24.1˘0.1˝C. The total measurement time was approximately 200 min. As can be seen in Figure 18 , the gap widths along different Y-lines were quite similar to each other. The measured gap widths at the same Y-position but different Z-positions were employed to demonstrate the gap widths at different Z-lines. The results are shown in Figure 19 . It can be seen that the gap width slightly decreased with the increase in the measurement depth for all the Z-lines. The gap widths along different Y-directional lines were measured by changing the measurement depths along the Z-direction. The interval between the measurement points along the Y-direction was 10 mm and that along the Z-direction was 100 μm. The total number of probing points was 220. During the measurement, the temperature was measured to be 24.1 ± 0.1 °C. The total measurement time was approximately 200 min. As can be seen in Figure 18 
Conclusions
Dimensional measurement of micro-slit gap width of a precision slot die coater with a length of 200 mm and a nominal width of 85 μm has been carried out by using a specially designed and constructed micro-CMM. A shear-mode micro-probing system was employed in the micro-CMM. A calibrated artifact, which was a calibrated gauge block with a thickness of 100 μm, was placed on the same stage table as a Y-directional linear slide for the on-line qualification of the effective diameter of the probe tip ball prior to the gap width measurement of the slot die. The proposed micro-CMM, which combined the micro-probing system and a laser interferometer, was able to achieve nanometric resolution and repeatability of length measurement. The effective diameter De of the probe tip ball was evaluated to be 53.781 μm, and the expanded uncertainty in De was estimated to be 52.8 nm (k = 2). After the qualification procedure, the gap width measurement of the slot die was carried out immediately. As a result, the expanded uncertainty of the gap width measurement was estimated to be 66.6 nm (k = 2), which can satisfy the required measurement accuracy. The use of an air-bearing linear slide with a stroke of 300 mm has made it possible for the micro-CMM to cover the entire length of the precision slot die. Furthermore, a micro-stylus with an effective working length of larger than 1 mm, which was composed of a capillary glass shaft and a micro-glass sphere, has been employed to measure the gap width from the inside of the micro-slit of the precision slot die.
On the other hand, the shear-mode micro-probe was utilized as a touch-trigger probe in the developed micro-CMM and the total measurement time for the uniformity evaluation of the gap width was approximately 200 min. Reduction of the measurement time will be an important future work.
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Conclusions
Dimensional measurement of micro-slit gap width of a precision slot die coater with a length of 200 mm and a nominal width of 85 µm has been carried out by using a specially designed and constructed micro-CMM. A shear-mode micro-probing system was employed in the micro-CMM. A calibrated artifact, which was a calibrated gauge block with a thickness of 100 µm, was placed on the same stage table as a Y-directional linear slide for the on-line qualification of the effective diameter of the probe tip ball prior to the gap width measurement of the slot die. The proposed micro-CMM, which combined the micro-probing system and a laser interferometer, was able to achieve nanometric resolution and repeatability of length measurement. The effective diameter D e of the probe tip ball was evaluated to be 53.781 µm, and the expanded uncertainty in D e was estimated to be 52.8 nm (k = 2). After the qualification procedure, the gap width measurement of the slot die was carried out immediately. As a result, the expanded uncertainty of the gap width measurement was estimated to be 66.6 nm (k = 2), which can satisfy the required measurement accuracy. The use of an air-bearing linear slide with a stroke of 300 mm has made it possible for the micro-CMM to cover the entire length of the precision slot die. Furthermore, a micro-stylus with an effective working length of larger than 1 mm, which was composed of a capillary glass shaft and a micro-glass sphere, has been employed to measure the gap width from the inside of the micro-slit of the precision slot die.
